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We explore the nature of the metal-insulator transition in the two-dimensional organic compound
β′′-(BEDT-TTF)2Hg(SCN)2Cl by x-ray, electrical transport, ESR, Raman and infrared investiga-
tions. Magnetic and vibrational spectroscopy concurrently reveal a gradual dimerization along the
stacking direction a, setting in already at the crossover temperature of 150 K from the metallic to
the insulating state. A spin gap ∆σ = 47 meV is extracted. From the activated resistivity behavior
below T = 55 K a charge gap ∆ρ = 60 meV is derived. At TCO = 72 K the C=C vibrational modes
reveal the development of a charge-ordered state with a charge disproportionation of 2δρ = 0.34e.
In addition to a slight structural dimerization, charge-order causes horizontal stripes perpendicular
to the stacks.
I. INTRODUCTION
Quasi two-dimensional charge-transfer salts based on
the organic molecule BEDT-TTF (where BEDT-TTF
stands for bis-ethylenedithio-tetrathiafulvalene) provide
a unique playground for studying the interaction of elec-
tronic and structural properties because they exhibit a
rich phase diagram ranging from metals and supercon-
ductors to charge-ordered and Mott insulators, often
combined with magnetic order but also spin-liquid prop-
erties [1–3]. These compounds attract great attention in
experimental and theoretical condensed-matter physics
because their behavior can be tuned by chemical substi-
tution or external pressure; thus certain properties can
be strengthened or suppressed as desired. The wealth
of possibilities gets even enlarged by the fact that many
of these compounds possess several polymorphic struc-
tures (labelled by Greek letters) often with quite differ-
ent properties. Due to the D2A stoichiometry (with D
the organic donor and A the inorganic acceptor compo-
nents), the conduction bands are supposed to be three-
quarter filled, leading to charge-ordered ground states if
the intersite Coulomb repulsion is strong enough, as ob-
served in numerous α- [4–8], β′′- [9–12] and θ-compounds
[13], for instance. In dimerized structures, such as the
κ-phase, however, the bands are half-filled, with Mott
physics playing the superior role [1, 2] and typically no
tendency to charge order [14].
Among those weakly dimerized phases, the non-mag-
netic β′′-compounds are of particular interest as several
species exhibit superconductivity at ambient condition
or under pressure [13]. Merino and McKenzie [15] pre-
dicted that a superconducting state could be realized by
charge fluctuations when the long-range charge order is
suppressed that commonly leads to an insulating state.
The underlying principle differs from the superconduct-
ing mechanism found in the κ-phase where magnetic fluc-
tuations are of superior importance. Their suggestion
was confirmed by different experimental methods such
as, infrared spectroscopy [12] and NMR [16]. For a bet-
ter understanding of the superconducting mechanism, it
is important to study also the charge-order state above
Tc. Previously comprehensive optical investigations have
been conducted [9–12, 17] on several β′′-salts with dif-
ferent correlating strength. Here we want to extend the
efforts to the charge-order state in a new β′′-salts, which
we mainly explore by optical spectroscopy in order to
understand the phase diagram of these compounds.
Already in 1993 Lyubovskaya and collaborators [18, 19]
synthesized the family of salts with the composition
(BEDT-TTF)2Hg(SCN)3−nXn (X = F, Cl, Br and I
and n=1 or 2) that has drawn increasing attention re-
cently. Among them κ-(BEDT-TTF)2Hg(SCN)2Cl is of
particular interest as the compound exhibits sharp metal-
insulator transition around TCO = 30 K without struc-
tural changes [20–22]. It was also reported [23] that in the
process of synthesis and crystal growth a new salt of the
same chemical composition but different structure and
properties was obtained. The present paper is devoted
to the complete characterization of β′′-(BEDT-TTF)2-
Hg(SCN)2Cl, using x-ray analysis, infrared and Raman
spectroscopy, transport and ESR measurements.
II. EXPERIMENT METHOD
Single crystals of β′′-(BEDT-TTF)2Hg(SCN)2Cl were
prepared by electrochemical oxidation of the BEDT-
TTF molecules.These crystals are formed in the syn-
thesis along with κ-(BEDT-TTF)2Hg(SCN)2Cl crystals
[18, 19]. Typically, a 4 ml solution of BEDT-TTF (10 mg,
0.026 mmol) in 1,1,2-trichloroethane (TCE) was added
to the anode compartment of the cell, and a 10 ml
solution containing Hg(SCN)2 (34.2 mg, 0.108 mmol),
[Me4N]SCN·KCl (14.3 mg, 0.069 mmol), and dibenzo-18-
crown-6 (32.1 mg, 0.09 mmol) in 12% ethanol/TCE was
added to the cathode compartment and the anode com-
partment, to level both sides. Electrocrystallization was
carried out at a temperature of 40◦ C and a constant cur-
2rent of 0.5µA. The crystals of β′′- and κ-phases were un-
ambiguously identified by electron spin resonance (ESR)
spectroscopy (∆Hpp = 25 − 38 G and 60-90 G, respec-
tively) or by temperature of a transition to the insulating
state. The resulting single crystals of the β′′-phase are
platelets with a typical size of 1×1×0.04 mm3; the larger
face corresponds to the highly conducting (ab)-plane. X-
ray diffraction data were collected at T = 293 K using a
Bruker Kappa Apex2duo diffractometer with Mo-Kα ra-
diation (λ = 0.71073 A˚). The structure was solved by di-
rect method and refined by full-matrix least-squares tech-
niques on F 2 employing the program system SHELX-97
[24, 25].
The temperature-dependent dc-resistivity was mea-
sured by standard four-point technique in a custom-made
helium bath cryostat with a cooling and warming rate of
less than 0.3 K/min. For the current and voltage contacts
15 µm golden wires were glued directly to the sample with
carbon paste; the voltage was fixed to 2 mV.
Electron-spin-resonance (ESR) measurements were
carried out by utilizing a continuous-wave X-band spec-
trometer (Bruker ESR 300) equipped with an Oxford
ESR 900 cryostat for temperature-dependent measure-
ments between T = 10 and 240 K. The sample was glued
to a quartz rod by vacuum grease in such a way that the
external magnetic field is oriented within the conducting
plane. The signal could be fitted with Lorentzians; rela-
tive paramagnetic susceptibility was estimated from the
line intensity using χ ∝ (∆Hpp)
2Imax, where ∆Hpp is
the peak-to-peak field and Imax the intensity of the ESR
signal.
The Raman spectra of β′′-(BEDT-TTF)2Hg(SCN)2Cl
single crystals were recorded in backscattering geometry
within the energy range of 1000−1500 cm−1 with 1 cm−1
spectral resolution using a Horiba Jobin Yvon Labram
HR 800 spectrometer equipped with a liquid-nitrogen-
cooled CCD detector. The incident He-Ne laser beam
(λ = 632.8 nm) was focused on the (ab)-plane of the
salt, and the scattered beam was collected without po-
larization analysis. Temperature-dependent spectra were
obtained by mounting the specimen on a continuous-flow
helium cryostat and cooling down with a typical rate of
1 K/min.
Polarized infrared reflectivity measurements were per-
formed over a broad energy range (from 200 to
8000 cm−1, 1 cm−1 resolution) from room temperature
down to 10 K using a Brucker Vertex 80v Fourier-trans-
form infrared spectrometer equipped with a microscope
(Bruker Hyperion) and a CryoVac microcrystat. The ab-
solute value of reflectivity was obtained by comparison to
an aluminum mirror. The optical conductivity was ex-
tracted from the reflectivity data via Kramers-Kroning
transformation. At low frequencies, the data were ex-
trapolated by the Hagen-Rubens relation for the metallic
state and a constant value for the insulator state, while
the high-energy part was extended up to 50 0000 cm−1
using a free-electron model R(ω) ∝ ω−4.
FIG. 1: (Color online) Crystal structure of β′′-(BEDT-
TTF)2Hg(SCN)2Cl at room temperature.Unit cell borders are
marked with red dashed lines (a) Projection of the molecu-
lar arrangement along the a-axis illustrates the alternating
cation and anion layers. (b) Packing pattern of the BEDT-
TTF molecules in the donor layer with two distinct molecules,
hereafter designated as A and B. The ABBAABBA-stacks
are basically form along the (a − b)-direction. (c) Dimer ar-
rangement of the Hg2(SCN)4Cl2 unit in the anionic layer.
III. RESULTS AND DISCUSSION
A. Crystal structure
The unit-cell parameters of β′′-(BEDT-TTF)2Hg-
(SCN)2Cl at room-temperature are summarized in
Table I. A deuterated sister compound (D8-BEDT-
TABLE I: Crystallographic data for β′′-(BEDT-TTF)2-
Hg(SCN)2Cl obtained from x-ray diffraction (λ = 0.71073 A˚)
at ambient conditions (T = 293 K) [25]. For comparison we
also list the data for the deuterated analogue [26].
Chemical formula C22H16S18N2HgCl C22D16S18N2HgCl
Form. weight MW 1121.49 1137.59
Crystal system triclinic triclinic
Space group P1 P1
a (A˚) 9.568(2) 9.717(3)
b (A˚) 10.778(2) 11.067(3)
c (A˚) 18.844(4) 19.348(5)
α (deg.) 90.60(3) 77.69(2)
β (deg.) 102.13(3) 106.90(2)
γ (deg.) 113.66(3) 114.28(3)
Volume V (A˚3) 1730.4(6) 1804.2(7)
Z 2 2
Density Dc (g/cm
3) 2.152 2.11
Absorption coeff.
µ (mm−1) 5.635 5.4
F(000) 1094 1094
No. of refl. meas. 41480
No. of indep. refl. 9989 3784
R1 0.0216 0.05
ωR2 0.0556 0.05
GOF 0940
3TTF)4[Hg(SCN)2Cl]2 with a β-type packing was pre-
pared previously [23, 26, 27]. As common for these charge
transfer salts, layers of BEDT-TTF radical cations and
Hg(SCN)2Cl anions are alternatingly stacked along the
crystallographic c-axis as shown in Fig. 1(a). Within
the cationic layers, the arrangement of the BEDT-TTF
molecules can be best described by the β′′412-type pack-
ing motif [28] with tilted stacks along the (a-b)-axis.
As illustrated in Fig. 1(b) two crystallographically non-
equivalent BEDT-TTF molecules (labelled A and B) can
be distinguished with planar and nonplanar structures
of the TTF fragments, respectively. The distances be-
tween (A,A) and (B,B) are similar but slightly longer
than that of (A,B), causing a weak structural dimeriza-
tion. Since neutral TTF-fragments are commonly bent
while planar TTF-fragments are charged, this might sug-
gest that in the present case the charge is distributed non-
uniformly. The anionic layers consist of doubly charged
[Hg2(SCN)4Cl2]
2− dimers as shown in Fig. 1(c). This is
distinctively different from the single-charged monomeric
anions [Hg(SCN)2Cl]
− present in the κ-phase analogue
[21].
B. Transport Properties
Fig. 2(a) presents the temperature dependence of
the electrical resistivity ρ(T ) of β′′-(BEDT-TTF)2-
Hg(SCN)2Cl measured within the highly conducting
(ab)-plane. At room temperature the conductiv-
ity is around 2 (Ωcm)−1, which is a typical value
for organic conductors. From T = 300 down
to 150 K this compound shows a weakly metal-
lic behavior, before the resistivity starts to increase
slightly. Comparable transition temperatures have been
also reported in other charge-ordered insulators such
as β′′-(BEDT-TTF)3[(H3O)Ga(C2O4)3]C6H5NO2 [9],
β′′-(BEDT-TTF)4(ReO4)2 [29] and θ-(BEDT-TTF)2-
RbZn(SCN) [13]. As the temperature drops below 72 K,
ρ(T ) exhibits a steep jump and rises dramatically to a
value of 107 Ωcm at T = 20 K. The inflection point
identified around 50 K maybe related to ordering of the
ethylene groups. The strong hysteresis observed for the
cooling and warming cycles indicates that a structure
distortion is involved in the metal-insulator transition.
The transition temperature is best defined by the peak
in the logarithmic derivative −d ln ρ/dT versus T−1 pre-
sented in the inset of Fig. 2(b). From the Arrhenius plot
ρ(T ) ∝ exp{∆ρ/kBT } [Fig. 2(b)] the activation energy
is estimated to be around ∆ρ = 60 meV below T = 60 K
and ∆ρ = 170 meV in the temperature range from 66 to
72 K; for the deuterated and hydrogenated salts an acti-
vation energy of 170 meV was previously reported [23].
The lattice constants and volume of the deuterated
sibling are expanded compared to β′′-(BEDT-TTF)2Hg-
(SCN)2Cl; correspondingly the temperature of the sharp
metal-insulator transition increases to TCO = 86 K [26].
Via the interaction between the anion and the terminat-
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FIG. 2: (Color online) (a) Temperature dependence of the dc
resistivity measured in the conducting (ab)-plane of β′′-(BE-
DT-TTF)2Hg(SCN)2Cl. The inset magnifies the minimum in
ρ(T ) around Tm = 150 K. (b) The resistivity plotted as a
function of inverse temperature 1/T . The red straight line
indicates an activation energy of ∆ρ = 60 meV, which cor-
responds to 700 K. The logarithmic resistivity derivative is
plotted in the inset versus the inverse temperature; the dashed
line indicates the charge order transition TCO = 72 K.
ing ethylene groups of the BEDT-TTF molecules, deuter-
ation basically works as negative pressure. This implies
an enhancement of the effective electron-electron correla-
tion in β′′-(D8-BEDT-TTF)2Hg(SCN)2Cl as the transfer
integrals are smaller. In case of one-dimensional organic
conductor it was noted previously that the donor-anion
interaction is important for establishing charge order [30].
C. Magnetic Properties
In order to advance our understand of the metal-
insulator transition in β′′-(BEDT-TTF)2Hg(SCN)2Cl,
we performed ESR measurements as a function of tem-
perature with the external magnetic field oriented par-
allel to the conducting (ab)-plane. In Fig. 3 the tem-
perature evolution of the spin susceptibility χ(T ) and
linewidth ∆H(T ) are plotted as a function of temper-
ature; the spin susceptibility data are normalized to
χ(T = 240 K). Upon cooling the spin susceptibility drops
slightly at elevated temperatures. Around T = 150 K the
decrease becomes more rapid indicating a semi-metallic
behavior with a gradual opening of a gap in accord to
the minimum in resistance ρ(T ), illustrated in the inset
of Fig. 2(a). As the temperature is lowered even further,
a non-magnetic insulating state is entered and the spin
susceptibility vanishes rapidly as T → 0. The temper-
ature dependence of linewidth is plotted in Fig. 3(b); it
continuously decreases upon cooling with a pronounced
drop around the 120 K and a saturation for T < TCO.
It is consistent with other charge ordered β′′-compounds
showing non-magnetic ground state [16, 31–33].
It is interesting to compare the behavior with the
data for κ-(BEDT-TTF)2Hg(SCN)2Cl, where an anti-
ferromagnetic insulating ground state was observed [20].
In the present case a spin-singlet state is realized at low
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FIG. 3: (Color online)(a) Temperature dependence of the
relative spin susceptivility of β′′-(BEDT-TTF)2Hg(SCN)2Cl.
The solid red line represents a fit of χ(T ) to Bulaevskii’s model
of excitations across a singlet-triplet gap ∆σ = 47 meV. (b)
Temperature dependence of the linewidth ∆Hpp of the salt.
temperatures, and the data χ(T ) can be described with a
one-dimensional singlet-triplet picture. From the corre-
sponding Bulaevskii’s model [34], we expect for the tem-
perature dependence of the spin susceptibility [35, 36]:
χ(T ) ∝
1
T
exp
{
−∆σ
kBT
}
; (1)
here ∆σ is the static spin gap. From Fig. 3 we can see
that this simple model fits the experimental data of β′′-
(BEDT-TTF)2Hg(SCN)2Cl quite well with a spin gap of
∆σ = 47 meV, corresponding to ∆σ/kB = 550 K. It is
interesting to compare this value with the charge gap of
similar size derived from the activated behavior of the
electronic transport.
One should note that the spin susceptibility does not
show a significant change at TCO; the behavior of Eq. (1)
extends smoothly well above 100 K. This provides strong
evidence for the spin pairing setting in already around
150 K. We will come to similar conclusions from the anal-
ysis of our vibrational investigations in Sec. III D 2
D. Optical Properties
Fig. 4 displays the normal-incidence optical reflectivity
of β′′-(BEDT-TTF)2Hg(SCN)2Cl as obtained at room-
temperature with light polarized along the three princi-
pal directions. Perpendicular to the layers (E ‖ c) the
reflectance is rather low and basically independent on
frequency, resembling an insulator; the vibrational fea-
tures around 1400 cm−1 will be discussed later in detail
(Sec. III D 2).
Within the highly conducting layer a metallic re-
flectance is observed, which extrapolates to R = 1 for
ω → 0 at elevated temperatures. However, at T = 300 K
only for the polarization E ⊥ stacks a reflection edge
can be identified around 5000 cm−1. The overall be-
havior resembles the spectra obtained for other BEDT-
TTF salts with α-, β′′- or θ-stacking pattern [38]. The
optical response is rather anisotropic within the quasi-
two-dimensional conducting plane over a wide frequency
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FIG. 4: (Color online) Optical reflectivity of β′′-(BEDT-
TTF)2Hg(SCN)2Cl measured at room temperature with light
polarized along all three crystallographic axes as indicated.
The extrapolations used below 200 cm−1 are indicated by
dashed lines.
range. As typical for these non-dimerized BEDT-TTF
compounds, the reflectivity in the perpendicular direc-
tion is significantly larger than R(ν) measured along
the stacks. This agrees with calculations of the elec-
tronic orbitals and bandstructure [28] indicating that the
transfer integrals between nearest-neighbor BEDT-TTF
molecules are much larger for the interstack direction
compared to the direction along the stacks.
Apart from the electronic contributions, several vibra-
tional features can be identified in the mid-infrared spec-
tral region. When probed within the conducting plane,
these are attributed to the totally symmetric Ag vibra-
tional modes of the BEDT-TTF molecules coupled with
electronic excitations through the electron-molecular vi-
bration (emv) interaction [39–41]. The sharp peak at
approximately 2100 cm−1 is the CN stretching mode in
the (SCN)−1 entity of the anion layers [21]. It does not
change significantly with temperature.
1. Electronic contributions
The temperature-dependent reflectivity is plotted in
Fig. 5(a,b) for a wide frequency range. With lowering
T a clear plasma edge develops for both polarizations,
but at significantly different frequencies, expressing the
in-plane anisotropy: for E ‖ rmstacks at 3500 cm−1 and
at around 5000 cm−1 perpendicular to it. The position
of the edge shifts to higher frequencies upon cooling be-
cause the charge carrier density increase as the lattice
contracts. The overall reflectivity remains much lower
than expected for a typical metal; in particular for the
stacking axis, R(ν) does not exceed 0.5 at ν = 1000 cm−1
for T > 100 K. Such a behavior is commonly observed for
organic conductors [38] reflecting the low carrier density
and the influence of electronic correlations. Neverthe-
less, for both orientations the reflectivity increases as the
temperature is reduced until the metal-insulator transi-
tion takes place around TCO = 72 K. At lower tempera-
tures the metallic properties are lost: R(ν) substantially
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FIG. 5: (Color online) (a,b) Optical reflectivity and (c,d) corresponding conductivity spectra of β′′-(BEDT-TTF)2Hg(SCN)2Cl
measured at different temperatures between T = 300 and 50 K for both polarizations perpendicular and parallel to the stacks,
i.e. E ‖ (a + b) and E ‖ (a − b) [37]. Note the metal-insulator phase transition at TCO = 72 K leads to a drastic change in
the optical properties: the low-frequency reflectivity drops significantly and the Drude component vanishes for T = 50 K data
(thick blue curves). In the inset the intensity evolution of the 1200 cm−1 mode is plotted in comparison to the frequency shift
of the vibronic ν3(Ag) mode as temperature is reduced.
drops for ν < 1000 cm−1 in both polarizations. Since the
crystal becomes transparent at T = 20 K, multireflection
within the crystal leads to interference fringes that ham-
per a further analysis; thus we constrain ourselves to the
T = 50 K data [37].
A better understanding of the electronic properties can
be reached by looking at the temperature-dependent op-
tical conductivity derived via the Kramers-Kronig analy-
sis of the reflectivity spectra and displayed in Fig. 5(c,d).
For both polarizations a rather weak Drude-like contri-
bution is observed at room temperature, together with a
comparably wide feature in the mid-infrared region cen-
tered between 1000 and 2500 cm−1. When cooling down
to T = 100 K, the spectral weight shifts to low frequen-
cies and a narrow zero-frequency peak appears indicating
a weakening of correlations. This tendency is most pro-
nounced for the high-conductive polarization E ‖ (a+b);
parallel to the stacks the spectral weight transferred from
the higher energy range (up to 1 eV) piles up in the
far-infrared as well as in the mid-infrared range around
1200 cm−1.
Similar observations have been reported for other or-
ganic compounds with quarter-filled conduction bands
[6, 12, 42, 43] and were theoretically described by Merino
et al. [44, 45]. According to their calculations of the
extended Hubbard model, the charge carriers become
increasingly localized as the effective nearest-neighbor
Coulomb repulsion V/t gets important; in addition to the
Drude-like term, a finite-energy mode develops in σ(ω)
due to charge-order fluctuations and shifts to higher fre-
quencies. Driven by electronic correlations a metal insu-
lator transition eventually takes place: the Drude com-
ponent vanishes and a mid-infrared excitations remain
at frequencies comparable to the intersite Coloumb repul-
sion V . It is interesting to compare the behavior with the
optical spectra of Mott insulators frequently present in
half-filled systems [46–49] where excitations between the
lower and upper Hubbard band allow to determine the
Coulomb repulsion U . In the latter case, the bands are
centered around 2500 cm−1 and possess a typical band-
width of approximately 0.5 eV [50].
In our spectra taken on β′′-(BEDT-TTF)2Hg(SCN)2Cl
for E perpendicular to the stacks we observe a very strong
band at 500-700 cm−1, resembling the charge fluctuation
mode seen in the all-organic superconductor β′′-(BEDT-
TTF)2SF5CH2CF2SO3 [12]. Along the stacks the opti-
cal conductivity looks rather different and the main fea-
ture develops around 1200 cm−1, but is present already
above the metal-insulator transition. Although the ac-
tual shape of this mode is distorted by the ν3 antireso-
nance, in the inset of Fig. 5(d) we compare the intensity
of this 1200 cm−1 band to the temperature evolution of
the ν3(Ag) mode. This similarity in the T dependence
implies that the infrared band along the a-axis is related
to the emv-coupled ν3 vibration. It becomes activated
because the structure dimerizes along the stacking di-
rection. The peak lies at much lower position compared
to the strongly dimerized κ-(BEDT-TTF)2X compounds
6[48]. Such a low-lying dimer peak was also reported for
β-(BEDT-TTF)2ICl2 where the application of pressure
shifts the mode below the Hubbard band [51].
From the large anisotropy of the electronic spectra
we conclude that stripes of charge-poor and charge-rich
molecules likely develop along the (a+b) direction where
the orbital overlap is largest; they alternate along the
stacking direction. Such a large anisotropy has also been
observed in other organic conductors such as α- [8], θ- [52]
and κ-BEDT-TTF salts [21] with charge-order stripe in
that orientation. This is supported by calculations us-
ing the extended Hubbard model with an anisotropic in-
tersite Coulomb interaction V , which favors stripe-type
charge order by a smaller gap, rather than checkboard
charge order present in a square lattice [45]. Charge ex-
citations within these one-dimensional channels lead to
a band around 600 cm−1 very similar to theoretical pre-
dictions [44, 45] and previous observations [12].
Below the phase transition at TCO = 72 K, the low-
energy parts of R(ν) and σ(ν) alter drastically. A gap
opens in the conductivity spectra around 400 cm−1 and
300 cm−1 for the (a − b) and (a + b) axis, respectively;
we estimate 2∆ω ≈ 40 − 50 meV, corresponding to ap-
proximately 500 K. The agreement with the activation
energy determined from dc resistivity ρ(T ) shown in
Fig. 2 is remarkable. These values are slightly larger
compared to what is expected from mean-field ratio the-
ory: 2∆ = 3.53kBTCO. In this regard our findings are
in line with other charge-ordered insulators, such as α-
(BEDT-TTF)2I3 (TCO = 135 K, 2∆ω/hc ≈ 600 cm
−1,
[8, 42]), but smaller than what is reported for θ-(BEDT-
TTF)2RbZn(SCN)4: TCO = 190 K, 2∆ω/hc = 300 cm
−1
[52].
2. Vibrational features
The infrared-active molecular vibrational mode
ν27(B1u) mode is regarded as the best probe of the lo-
cal charge on the molecules [7, 38, 41]. Figure 6 dis-
plays the temperature dependence of the optical conduc-
tivity spectra measured with the electric field E||c, i.e.
polarized perpendicular to the conducting layer. Sev-
eral ungerade, infrared-active vibrational Bu modes are
well resolved in the frequency region between 1300 and
1600 cm−1, which is free from disturbing electronic back-
ground. Three weak bands show up at around 1400 to
1425 cm−1 and exhibit almost no temperature depen-
dence; they can be assigned to the ν28(B1u) vibration
associated with the CH2 bending modes [14].
The most pronounced feature at room temperature is
a very broad band around 1445 cm−1 that corresponds
to the ν27(B1u) band mainly involving the C=C vibra-
tions. Such a large linewidth can be explained by dy-
namical charge-order fluctuations, which also have been
discussed and reported in other β′′ compounds [9–12, 17].
Upon cooling the single mode becomes narrower, shifts
up in frequency and develops a double peak structure
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T = 100 K a single mode is observed (black squares); in
the fluctuation regime (72 K < T < 100 K) two modes are
fitted and indicated by red dots. Triangle with different col-
ors are used to identify the four modes in the charge-ordered
state. The dashed line indicates the metal insulator transition
TCO = 72 K also observed in dc resistivity ρ(T ).
around T = 100 K. This is not a big surprise considering
the fact that two distinct types of BEDT-TTF molecules
(A, B) reside in the unit cell, as illustrated in Fig. 1(b).
As the temperature is reduced below the phase transition
at 72 K, the feature splits into four well distinct peaks at
1442.2, 1449.0, 1469.8 and 1487.6 cm−1, giving evidence
that the insulating state exhibits charge disproportion-
ation, i.e. there are four distinct types of BEDT-TTF
molecules.
To quantitatively characterize the observed charge im-
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FIG. 8: (Color online) Raman shift for the ν2 and ν3 modes
of β′′-(BEDT-TTF)2Hg(SCN)2Cl at several selected temper-
atures as indicated. Black arrows indicate the splitting of the
ν2 vibration in the charge-ordered state.
balance, we fit the spectra of Fig. 6 by simple Lorentz os-
cillators. The temperature profile of the center frequency
and linewidth at half maximum is displayed in Fig. 7.
The charge per molecule can be evaluated from the vi-
brational frequency by using the relationship [41, 53]:
ν27(ρ) = 1398 cm
−1 + 140(1− ρ) cm−1/e , (2)
where ρ is the site charge in units of the elementary
charge e; the corresponding scale is indicated on the right
axis of Fig. 7(a). The ν27(B1u) mode exhibits a slight
blue shift from 1462 to 1470 cm−1 as the lattice hardens
when cooling down in the metallic state; at T = 100 K
the peak approaches the ρ = 0.5e value. The vibrational
feature concomitantly narrows down from 60 to 15 cm−1
because thermal effects diminish. As the phase transition
is approached, in the temperature range between 100 and
75 K, the molecular vibrations split in two peaks with
the separation growing from approximately 9 cm−1 con-
tinuously up to 18 cm−1. As the phase transition is ap-
proached, the lines become rather broad pointing towards
fluctuation effects. A similar broadening in the linewidth
was observed in other charge-ordered compounds and re-
lated to charge fluctuations already present in the metal-
lic state [9, 10].
When the resistivity data give evidence of a metal-
insulator phase transition at TCO = 72 K also the
molecular vibrational modes exhibit a clear splitting in
four distinct lines, suggesting the existence of four non-
equivalent BEDT-TTF molecules in the unit cell and
the breaking of inversion symmetry. The charge differ-
ence of the four modes remains temperature independent.
This behavior follows the general trend observed in two-
dimensional charge-ordered systems, such as α-(BEDT-
TTF)2I3 [7, 8, 54] and κ-(BEDT-TTF)2Hg(SCN)2Cl
[21, 55]. Based on Eq. (2) the lower-frequency modes cor-
respond to the +0.68e and +0.64e charges on the BEDT-
TTF molecule, and the upper frequency ones to +0.49e
and +0.34e for T = 10 K. The maximum charge dis-
proportion 2δρ = 0.34e is about half the value found
in α-(BEDT-TTF)2I3, similar to the imbalance observed
for β′′-(BEDT-TTF)4M(CN)4·H2O (M = Ni, Pd), but
lager than those reported for the polymorph κ-(BEDT-
-TTF)2Hg(SCN)2Cl [11, 21] and the charge-fluctuating
superconductor β′′-(BEDT-TTF)2SF5CH2CF2SO3 [12].
The charge order pattern forms in such a way that the
total energy of the system is minimized; in a first approx-
imation we can neglect the transfer integral and discuss
the intersite Coulomb repulsion only. For the β′′-BEDT-
TTF salts, similar to θ- and α-phase crystals, the in-
termolecular distances are significantly shorter along the
stacking axis. Consequently the intermolecular Coulomb
repulsion is more pronounced in this direction compared
to the perpendicular orientation [3, 56]. This results in a
charge alternation along the (a− b)-axis: A aBbAaBb,
denoting the A-type and B-type molecules shown in
Fig. 1(b) with capital and small characters referring to
the charge rich and charge poor sites; the neighboring
stacks will be arranged like BbAaBbAa, leading to hor-
izontal stripes. T.Yamamoto et al. classified some of the
charge-ordered BEDT-TTF salts and suggested a phase
diagram for the β′′-type compounds [11]. The amount
of charge disproportionation and the alternation of short
and long intermolecular bonds along the stacks puts the
β′′-(BEDT-TTF)2Hg(SCN)2Cl into group I. Going be-
yond purely electronic models Mazumdar et al. suggested
alternative patterns for the α-phase materials [57, 58]
that might also be applicable to the present compound;
however all experimental results on α-(BEDT-TTF)2I3,
such as infrared spectroscopy [8], NMR [59] and x-ray
studies [60], evidence a horizontal stripe structure. Thus
we concluded that the charge-ordered state in β′′-(BE-
DT-TTF)2Hg(SCN)2Cl develops horizontal stripes.
Apart from the infrared-active ν27(B1u) mode, there
are two fully symmetric C=C stretching vibrations
that allow to determine the charge on the BEDT-TTF
molecules with the help of Raman spectroscopy. In Fig. 8
the shift of Raman-active ν2(Ag) and ν3(Ag) modes is
displayed for several selected temperatures. At room
temperature only one asymmetric band is detected at
1472 cm−1 with a hump at round 1500 cm−1. As the
temperature is reduced, the 1472 cm−1 peak gets nar-
row without any shift or splitting, while the 1500 cm−1
feature increases in intensity and splits into two modes
as T = 10 K is approached. We assign the 1472 cm−1
feature to the ν3 molecular vibration, which is insensi-
tive to the charge and strongly couples to the electronic
background as shown by the strong infrared intensity [9–
11, 61] and discussed in more detail below. The right
band at 1500 cm−1 corresponds to the ν2 mode, which is
weakly coupled to electronic background and suitable for
estimating the ratio of charge disproportionation. From
the splitting of ν2(Ag) feature we calculate 2δρ = 0.2e in
the charge-ordered state according to [41, 53]:
ν2(ρ) = 1447 cm
−1 + 120(1− ρ) cm−1/e . (3)
This value is smaller than the charge imbalance estimated
from the ν27(B1u) splitting observed by infrared spec-
troscopy (Fig. 7). We cannot rule out that some minor
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FIG. 9: (Color online) Temperature dependence of the emv-activated vibrational modes in β′′-(BEDT-TTF)2Hg(SCN)2Cl
probed within the conducting (ab)-plane. (a,b) The ν9(Ag) and ν10(Ag) modes show up only in the charge-ordered state and
appear more diverse for the polarization (a) perpendicular to the stacks ([E ‖ (a+ b)] compared to (b) the stacking direction
[E ‖ (a − b).] (d,e) The charge sensitive ν60(B3u) vibration comes as a strong dip for perpendicular polarization (panel d)
but exhibits a Fano shape along the stacks (panel e). (g,h) In the range between 1000 and 1400 cm−1 the emv-coupled fully-
symmetric ν3(Ag) vibration shows up as a broad dip indicated by red dashed line. The narrow peak around 1300 cm
−1 is
assigned to the ν5(Ag) CH2 wagging mode. Also seen is the ν67(B3u) as a strong dip at 1175 cm
−1 in both polarizations. The
curves are shifted for clarity. In panels (c,f,i) exhibit the temperature evolution of the ν10, ν60 and ν3 modes, respectively,
where the left axes (black) correspond to the polarization perpendicular to the stacks and the right axes (red) to the parallel
polarization.
peaks could not be resolved due to the poor signal to
noise level in our Raman signal.
Several molecular vibrational modes show up rather
prominently in the infrared spectra of β′′-(BEDT-TTF)2-
Hg(SCN)2Cl measured within the (ab)-plane due to
strong coupling to the charge transfer band. These modes
are charge sensitive but are also susceptible to structural
changes. The ν10(Ag) and ν9(Ag) modes observed in the
far-infrared range involve C-S streching vibrations. As
shown in Fig. 9(a) for E perpendicular to the stacks, the
two modes can hardly be detected in the metallic state
due to screening effects; but when entering the charge-
ordered insulating state several strong peaks can be iden-
tified. Within the plane, for E ‖ stacks [Fig. 9(b)], we
always detect two modes around 440 and 460 cm−1, as-
signed to ν10 and ν9, respectively. Upon cooling the two
features shift to higher frequencies, become sharper and
more intense, as plotted in Fig. 9(c). A similar multiple
splitting of the ν9 and ν10 modes in the charge-ordered
state was reported for other organic BEDT-TTF com-
pounds [6, 8].
Around ν = 880 cm−1 for both polarization direc-
tions we identify the ν60(B3u) mode that involves ring-
breathing vibration [Fig. 9(d,e)]; this molecular vibration
is known to be very sensitive to charge disproportion and
dimerization [62]. The mode splits into several dips for
both polarizations at low temperatures; for E ‖ stacks
the intensity strongly increases with lowering the tem-
perature, as displayed in Fig. 9(f). Interestingly in the
case of dimerized Mott insulators, basically no significant
temperature dependence was observed [14].
The broad dip at around 1300 cm−1 shown in
Fig. 9(g,h) is assigned as the fully symmetric ν3 vi-
bration that has the strongest emv-coupling constant
among all the Ag modes and exhibits a down-sift in
frequency over 100 cm−1 compared to 1450 cm−1 line
measured by Raman spectroscopy (Fig. 8). There is
a rather narrow three-peak structure at 1282, 1293,
and 1302 cm−1 related to the ν5(Ag) mode present in
both orientations within the (ab)-plane, which indicates
that the symmetry of the unit cell is broken at low
temperatures. For the polarization parallel to the stacks
the intensity of the ν3 mode increases progressively as
the temperature decrease, while in the perpendicular
9directions a strong growth is observed only below
the transition temperature TCO. By comparing the
conductivity spectra of β′′-(BEDT-TTF)2Hg(SCN)2Cl
in this range with those reported for strongly dimerized
κ-BEDT-TTF salts [14, 46, 48], we conclude that the
intra-dimer charge-transfer band is located much closer
to the vibrational modes. In the case of κ-(BEDT-
-TTF)2Cu[N(CN)2]Cl and κ-(BEDT-TTF)2Cu2(CN)3
the bands appear around 3000 cm−1 and consequently
the emv coupled vibrations show up as Fano-like features.
In line with calculations based on a one-dimensional
dimerized tight-binding model [63], we suggest that the
β′′-compound studied here is slightly dimerized. From
the gradual enhancement of the vibrational intensity
with decreasing temperature for E ‖ stacks, plotted in
Fig. 9(c,f,i), we conclude that the dimerization is more
pronounced along the stacks than in the direction per-
pendicular to it. From the analysis of the temperature
behavior evolution of the pure vibrational modes and the
emv-coupled vibronic features, we can identify the low-
temperature ground state as a charge-ordered insulating
state, where the gradual structural distortion and charge
disproportionation are closely related. Already below
150 K a continuous phase transition sets in gradually,
the electrical resistivity turns from a metallic to an
insulating behavior, until the insulating charge-ordered
state is finalized at TCO = 72 K and ρ(T ) shoots up. In
Sec. III C we have drawn the same conclusion from the
temperature dependence of the ESR spectra.
IV. CONCLUSIONS
From our comprehensive characterization and intense
optical study we conclude that β′′-(BEDT-TTF)2Hg-
(SCN)2Cl enters a charge-ordered insulating state at
TCO = 72 K where pronounced charge disproportiona-
tion occurs with 2δρ = 0.34 obtained from infrared vibra-
tional spectroscopy. The charge-rich molecules arrange
in stripes perpendicular to the stacks, i.e. along (a+ b)-
direction. The dc resistivity yields an activated behavior
at low temperatures with an energy gap of approximately
∆ρ = 60 meV, that agrees well with the gap observed
in the optical spectra. The charge imbalance starts to
develop in the temperature range 72 K < T < 100 K;
at elevated temperatures (T > 100 K) all the way up
to room temperature, charge fluctuations can be iden-
tified. Around 150 K the metallic behavior turn into
a semiconducting temperature dependence of the resis-
tivity. In this temperature range lattice deformations
along the BEDT-TTF stack are detected by the simul-
taneous enhancement of the emv-coupled vibronic mode
and dimerization excitation for E ‖ stacks. The dimer-
ization also leads to a pairing of the electron spins and a
spin-gapped magnetic ground state with ∆σ = 47 meV
obtained from our ESR experiments. Temperature de-
pendent x-ray studies could further confirm our conclu-
sions.
Acknowledgments
We thank Gabriele Untereiner for continuous experi-
mental support and Andrej Pustogow and Mamoun Hem-
mida for valuable discussions. We thank Wolfgang Frey
for collection of the X-ray data. The project was sup-
ported by the Deutsche Forschungsgemeinschaft (DFG)
via DR228/39-1 and DR228/52-1 and by the Deutscher
Akademische Austauschdienst (DAAD). The work in
Chernogolovka was supported by FASO Russia, # 0089-
2014-0036.
[1] N. Toyota, M. Lang, and J. Mu¨ller, Low-Dimensional
Molecular Metals, vol. 154 of Springer Series in Solid-
State Sciences (Springer-Verlag, Berlin, 2007).
[2] A. Lebed, ed., The Physics of Organic Superconductors
and Conductors, vol. 110 of Springer Series in Materials
Science (Springer-Verlag, Berlin, 2008).
[3] T. Mori, Electronic Properties of Organic Conductors
(2016).
[4] R. Wojciechowski, K. Yamamoto, K. Yakushi,
M. Inokuchi, and A. Kawamoto, Phys.
Rev. B 67, 224105 (2003), URL
https://link.aps.org/doi/10.1103/PhysRevB.67.224105.
[5] M. Dressel, N. Drichko, J. Schlueter, and J. Merino,
Phys. Rev. Lett. 90, 167002 (2003), URL
https://link.aps.org/doi/10.1103/PhysRevLett.90.167002.
[6] N. Drichko, M. Dressel, C. A. Kuntscher,
A. Pashkin, A. Greco, J. Merino, and J. Schlueter,
Phys. Rev. B 74, 235121 (2006), URL
http://link.aps.org/doi/10.1103/PhysRevB.74.235121.
[7] Y. Yue, K. Yamamoto, M. Uruichi, C. Nakano,
K. Yakushi, S. Yamada, T. Hiejima, and
A. Kawamoto, Phys. Rev. B 82, 075134 (2010), URL
http://link.aps.org/doi/10.1103/PhysRevB.82.075134.
[8] T. Ivek, B. Korin-Hamzic´, O. Milat, S. Tomic´,
C. Clauss, N. Drichko, D. Schweitzer, and M. Dres-
sel, Phys. Rev. B 83, 165128 (2011), URL
http://link.aps.org/doi/10.1103/PhysRevB.83.165128.
[9] T. Yamamoto, M. Uruichi, K. Yakushi, J.-i. Yamaura,
and H. Tajima, Phys. Rev. B 70, 125102 (2004), URL
http://link.aps.org/doi/10.1103/PhysRevB.70.125102.
[10] T. Yamamoto, M. Uruichi, K. Yakushi, and
A. Kawamoto, Phys. Rev. B 73, 125116 (2006), URL
http://link.aps.org/doi/10.1103/PhysRevB.73.125116.
[11] T. Yamamoto, H. M. Yamamoto, R. Kato,
M. Uruichi, K. Yakushi, H. Akutsu, A. Sato-
Akutsu, A. Kawamoto, S. S. Turner, and
P. Day, Phys. Rev. B 77, 205120 (2008), URL
http://link.aps.org/doi/10.1103/PhysRevB.77.205120.
[12] S. Kaiser, M. Dressel, Y. Sun, A. Greco,
J. A. Schlueter, G. L. Gard, and N. Drichko,
10
Phys. Rev. Lett. 105, 206402 (2010), URL
http://link.aps.org/doi/10.1103/PhysRevLett.105.206402.
[13] H. Mori, S. Tanaka, and T. Mori,
Phys. Rev. B 57, 12023 (1998), URL
https://link.aps.org/doi/10.1103/PhysRevB.57.12023.
[14] K. Sedlmeier, S. Elsa¨sser, D. Neubauer, R. Beyer,
D. Wu, T. Ivek, S. Tomic´, J. A. Schlueter, and
M. Dressel, Phys. Rev. B 86, 245103 (2012), URL
http://link.aps.org/doi/10.1103/PhysRevB.86.245103.
[15] J. Merino and R. H. McKenzie, Phys.
Rev. Lett. 87, 237002 (2001), URL
https://link.aps.org/doi/10.1103/PhysRevLett.87.237002.
[16] S. Nagata, T. Ogura, A. Kawamoto, and
H. Taniguchi, Phys. Rev. B 84, 035105 (2011), URL
https://link.aps.org/doi/10.1103/PhysRevB.84.035105.
[17] A. Girlando, M. Masino, J. A. Schlueter,
N. Drichko, S. Kaiser, and M. Dressel,
Phys. Rev. B 89, 174503 (2014), URL
https://link.aps.org/doi/10.1103/PhysRevB.89.174503.
[18] R. Lyubovskaya, O. Dyachenko, and R. Lyubovskii,
Synthetic Met. 56, 2899 (1993), URL
http://www.sciencedirect.com/science/article/pii/037967799390053Y.
[19] M.Z., R. Lyubovskaya, S. Konovalikhin, O. Dy-
achenko, G. Shilov, M. Makova, and R. Lyubovskii,
Synthetic Met. 56, 1905 (1993), URL
http://www.sciencedirect.com/science/article/pii/037967799390345W.
[20] S. Yasin, E. Rose, M. Dumm, N. Drichko, M. Dres-
sel, J. Schlueter, E. Zhilyaeva, S. Torunova, and
R. Lyubovskaya, Physica B 407, 1689 (2012), URL
//www.sciencedirect.com/science/article/pii/S0921452612000129 .
[21] N. Drichko, R. Beyer, E. Rose, M. Dressel, J. A.
Schlueter, S. A. Turunova, E. I. Zhilyaeva, and R. N.
Lyubovskaya, Phys. Rev. B 89, 075133 (2014), URL
http://link.aps.org/doi/10.1103/PhysRevB.89.075133.
[22] A. Lo¨hle, E. Rose, S. Singh, R. Beyer, E. Tafra, T. Ivek,
E. I. Zhilyaeva, R. N. Lyubovskaya, and M. Dressel,
J. Phys.: Condens. Matter 29, 055601 (2017), URL
http://stacks.iop.org/0953-8984/29/i=5/a=055601 .
[23] R. Lyubovskaya, E. Zhilyaeva, O. Dy-
achenko, V. Gritsenko, S. Konovalikhin, and
R. Lyubovskii, Synthetic Met. 70, 775 (1995), URL
http://www.sciencedirect.com/science/article/pii/037967799402646G.
[24] G. M. Sheldrick, Acta Crystallogr. Sec. A 64, 112 (2008),
URL https://doi.org/10.1107/S0108767307043930 .
[25] CCDC-1535580 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic
Data Centre via https://www.ccdc.cam.ac.uk/.
[26] O. A. D’yachenko, S. V. Konovalikhin, G. V. Shilov,
R. N. Lyubovskaya, M. Z. Aldoshina, and R. B.
Lyubovskii, Russ. Chem. Bull. 44, 878 (1995), URL
http://dx.doi.org/10.1007/BF00696920.
[27] E. Yudanova, S. Hoffmann, A. Graja, and
R. Lyubovskaya, Synthetic Met. 66, 43 (1994), URL
http://www.sciencedirect.com/science/article/pii/0379677994901597.
[28] T. Mori, Bull. Chem. Soc. Jpn. 71, 2509 (1998),
http://dx.doi.org/10.1246/bcsj.71.2509, URL
http://dx.doi.org/10.1246/bcsj.71.2509.
[29] Y. Ihara, Y. Futami, and A. Kawamoto,
J. Phys. Soc. Jpn. 85, 014601 (2016),
http://dx.doi.org/10.7566/JPSJ.85.014601, URL
http://dx.doi.org/10.7566/JPSJ.85.014601.
[30] K. Medjanik, A. Chernenkaya, S. A. Nepijko,
G. Ohrwall, P. Foury-Leylekian, P. Alemany,
E. Canadell, G. Schonhense, and J.-P. Pouget,
Phys. Chem. Chem. Phys. 17, 19202 (2015), URL
http://dx.doi.org/10.1039/C5CP02902C .
[31] J. A. Schlueter, B. H. Ward, U. Geiser, H. H. Wang,
A. M. Kini, J. Parakka, E. Morales, H.-J. Koo, M.-H.
Whangbo, R. Winter, et al., J. Mater. Chem. 11, 2008
(2001).
[32] B. H. Ward, J. A. Schlueter, U. Geiser, H. H. Wang,
E. Morales, J. P. Parakka, S. Y. Thomas, J. M. Williams,
P. G. Nixon, R. Winter, et al., Chem. Mater. 12, 343
(2000).
[33] K. Carneiro, J. Scott, and E. Engler, Solid State
Commun. 50, 477 (1984), ISSN 0038-1098, URL
http://www.sciencedirect.com/science/article/pii/0038109884903
[34] L. Bulaevskii, Adv. Phys. 37, 443 (1988),
http://dx.doi.org/10.1080/00018738800101409, URL
http://dx.doi.org/10.1080/00018738800101409.
[35] M. Dumm, A. Loidl, B. W. Fravel, K. P.
Starkey, L. K. Montgomery, and M. Dres-
sel, Phys. Rev. B 61, 511 (2000), URL
http://link.aps.org/doi/10.1103/PhysRevB.61.511.
[36] B. Salameh, S. Yasin, M. Dumm, G. Un-
tereiner, L. Montgomery, and M. Dres-
sel, Phys. Rev. B 83, 205126 (2011), URL
http://link.aps.org/doi/10.1103/PhysRevB.83.205126.
[37] The small interferences observed below 700 cm−1are due
to the multirefelction of the infrared window, which are
temperature independent. Below T = 20 K, additional
strong interferences appear in the very far-infrared region
due to the transparence of the thin crystal.
[38] M. Dressel and N. Drichko, Chem. Rev. 104,
5689 (2004), http://dx.doi.org/10.1021/cr030642f, URL
http://dx.doi.org/10.1021/cr030642f.
[39] A. Painelli and A. Girlando, J. Chem. Phys. 84,
5655 (1986), http://dx.doi.org/10.1063/1.449926, URL
http://dx.doi.org/10.1063/1.449926.
[40] V. M. Yartsev and A. Graja, J. Phys.:
Condens. Matter 2, 9631 (1990), URL
http://stacks.iop.org/0953-8984/2/i=48/a=016 .
[41] A. Girlando, J. Phys. Chem. C 115, 19371
(2011), http://dx.doi.org/10.1021/jp206171r, URL
http://dx doi.org/10.1021/jp206171r.
[42] M. Dressel, G. Gru¨ner, J.P. Pouget, A. Breining, and
D. Schweitzer, J. Phys. (Paris) I 4, 579 (1994), URL
http://dx.doi.org/10.1051/jp1:1994162.
[43] K. Hashimoto, S. C. Zhan, R. Kobayashi, S. Iguchi,
N. Yoneyama, T. Moriwaki, Y. Ikemoto, and
T. Sasaki, Phys. Rev. B 89, 085107 (2014), URL
http://link.aps.org/doi/10.1103/PhysRevB.89.085107.
[44] J. Merino, A. Greco, R. H. McKenzie, and M. Ca-
landra, Phys. Rev. B 68, 245121 (2003), URL
http://link.aps.org/doi/10.1103/PhysRevB.68.245121.
[45] J. Merino, H. Seo, and M. Ogata,
Phys. Rev. B 71, 125111 (2005), URL
http://link.aps.org/doi/10.1103/PhysRevB.71.125111.
[46] D. Faltermeier, J. Barz, M. Dumm, M. Dres-
sel, N. Drichko, B. Petrov, V. Semkin,
R. Vlasova, C. Mez´ie`re, and P. Batail,
Phys. Rev. B 76, 165113 (2007), URL
http://link.aps.org/doi/10.1103/PhysRevB.76.165113.
[47] J. Merino, M. Dumm, N. Drichko, M. Dressel, and R. H.
McKenzie, Phys. Rev. Lett. 100, 086404 (2008), URL
http://link.aps.org/doi/10.1103/PhysRevLett.100.086404.
[48] M. Dumm, D. Faltermeier, N. Drichko,
11
M. Dressel, C. Me´zie`re, and P. Batail,
Phys. Rev. B 79, 195106 (2009), URL
http://link.aps.org/doi/10.1103/PhysRevB.79.195106.
[49] J. Ferber, K. Foyevtsova, H. O. Jeschke, and
R. Valent´ı, Phys. Rev. B 89, 205106 (2014), URL
http://link.aps.org/doi/10.1103/PhysRevB.89.205106.
[50] A. Pustogow, M. Bories, E. Zhukova, B. Gorshunov,
S. Tomic´, J. Schlueter, A. Lo¨hle, R. Hu¨bner, T. Hira-
matsu, Y. Yoshida, et al., Pure mott physics in quan-
tum spin liquids: Correlated fermi gas reveals electronic
widom line and pomeranchuk effect (2017), (unpub-
lished).
[51] K. Hashimoto, R. Kobayashi, H. Okamura, H. Taniguchi,
Y. Ikemoto, T. Moriwaki, S. Iguchi, M. Naka, S. Ishihara,
and T. Sasaki, Phys. Rev. B 92, 085149 (2015), URL
http://link.aps.org/doi/10.1103/PhysRevB.92.085149.
[52] N. L. Wang, H. Mori, S. Tanaka, J. Dong, and B. P. Clay-
man, J. Phys.: Condens. Matter 13, 5463 (2001), URL
http://stacks.iop.org/0953-8984/13/i=23/a=305.
[53] T. Yamamoto, M. Uruichi, K. Yamamoto,
K. Yakushi, A. Kawamoto, and H. Taniguchi,
J. Phys. Chem. B 109, 15226 (2005), URL
http://dx.doi.org/10.1021/jp050247o .
[54] R. Beyer, A. Dengl, T. Peterseim, S. Wackerow,
T. Ivek, A. V. Pronin, D. Schweitzer, and
M. Dressel, Phys. Rev. B 93, 195116 (2016), URL
http://link.aps.org/doi/10.1103/PhysRevB.93.195116.
[55] T. Ivek, R. Beyer, J. A. Schlueter, E. I. Zhilyaeva, R. N.
Lyubovskaya, and M. Dressel (2017), (arXiv:1706.08604),
URL http://de.arxiv.org/abs/1706.08604.
[56] T. Mori, Bull. Chem. Soc. Jpn. 73, 2243 (2000), URL
https://doi.org/10.1246/bcsj.73.2243 .
[57] S. Mazumdar, S. Ramasesha, R. Torsten Clay, and
D. K. Campbell, Phys. Rev. Lett. 82, 1522 (1999), URL
https://link.aps.org/doi/10.1103/PhysRevLett.82.1522.
[58] S. Mazumdar, R. T. Clay, and D. K. Camp-
bell, Phys. Rev. B 62, 13400 (2000), URL
https://link.aps.org/doi/10.1103/PhysRevB.62.13400.
[59] K. Ishikawa, M. Hirata, D. Liu, K. Miya-
gawa, M. Tamura, and K. Kanoda,
Phys. Rev. B 94, 085154 (2016), URL
https://link.aps.org/doi/10.1103/PhysRevB.94.085154.
[60] T. Kakiuchi, Y. Wakabayashi, H. Sawa, T. Takahashi,
and T. Nakamura, J. Phys. Soc. Jpn. 76, 113702
(2007), http://dx.doi.org/10.1143/JPSJ.76.113702, URL
http://dx.doi.org/10.1143/JPSJ.76.113702 .
[61] K. Yamamoto, K. Yakushi, K. Miyagawa, K. Kanoda,
and A. Kawamoto, Phys. Rev. B 65, 085110 (2002), URL
http://link.aps.org/doi/10.1103/PhysRevB.65.085110.
[62] J. L. Musfeldt, R. S´wietlik, I. Olejniczak, J. E. Eldridge,
and U. Geiser, Phys. Rev. B 72, 014516 (2005), URL
http://link.aps.org/doi/10.1103/PhysRevB.72.014516.
[63] R. Bozio, M. Meneghetti, C. Pecile, and
F. Maran, Synthetic Met. 19, 309 (1987), URL
http://www.sciencedirect.com/science/article/pii/0379677987903
